Introduction
Ion-exclusion/cation-exchange chromatography (IEC/CEC) on a weakly acidic cation-exchange resin using on acidic eluent, developed by Tanaka et al. in 1994 , has been employed to monitor the quality of environmental water samples such as acid rainwater and river water, to analyze body fluid samples such as saliva, and to evaluate water purification by photocatalytic materials. [1] [2] [3] [4] [5] [6] [7] [8] One advantage of IEC/CEC is the ability to simultaneously separate common inorganic/organic anions and cations in a single run using a simple equipment configuration with just a single column, injection, elution, and detector. In addition, the development of IEC/CEC is ongoing, and analytical performance has been improved for the purpose of analyzing water samples originating from various environments.
For example, Mori et al. achieved the high-speed separation of three anions and five cations within 4 min using a separation column packed with a weakly acidic cation-exchange resin with relatively low cation-exchange capacity (0.2 meq/mL) and small particle size (3 μm f) using sulfosalicylic acid as the eluent, 6 something that had originally required 30 min. The high-speed analytical method was successfully adapted to a portable-type onsite chromatographic analyzer. Nakatani et al. separated 12 different ions by combining UV detection with postcolumn derivatization for phosphate and silicate ions after conductometric detection (CD). 8 The method was successfully applied to the analysis of river water and wastewater samples.
Typically, CD is used in conjunction with IEC/CEC, but its analytical sensitivity is quite dependent on the types and the concentrations of acid added to the eluent. When strong acid such as sulfosalicylic acid is used as an eluent, the overall retention time is shortened due to the strong elution power for cation separation by cation exchange. However, the sensitivity for anion separation by ion-exclusion is weaker due to increased conductometric background. In contrast, when weak acid such as phthalic acid is used, the conductometric background is reduced, and the sensitivity for anion separation is improved. However, the lower background levels reduce the sensitivity for cation detection in the negative direction. Therefore, using CD in conjunction with IEC/CEC requires the optimization of the eluent and consideration of the sensitivity needed for both anions and cations.
Surprisingly, the use of IEC/CEC with detection methods other than CD have not been reported, except for direct Herein, we describe indirect UV detection-ion-exclusion/cation-exchange chromatography (IEC/CEC) on a weakly acidic cation-exchange resin in the H + -form (TSKgel Super IC-A/C) using sulfosalicylic acid as the eluent. The goal of the study was to characterize the peaks detected by UV detector. The peak directions of analyte ions in UV at 315 nm were negative because the molar absorbance coefficients of analyte anions and cations were lower than that of the sulfosalicylic acid eluent. Good chromatographic resolution and high signal-to-noise ratios of analyte ions were obtained for the separations performed using 1.1 mM sulfosalicylic acid and 1.5 mM 18-crown-6 as the eluent. The relative standard deviations (RSDs) of the peak areas ranged from 0.6 to 4.9%. Lower detection limits of the analytes were achieved using indirect UV detection at 315 nm (0.23 -0.98 μM) than those obtained with conductometric detection (CD) (0.61 -2.1 μM) under the optimized elution conditions. The calibration curves were linear in the range from 0.01 to 1.0 mM except for Cl -, which was from 0.02 to 2.0 mM. The present method was successfully applied to determine common inorganic ions in a pond water sample. photometric detection in a postcolumn reaction system by Nakatani et al., 8 even though the technique has been studied for 18 years.
In this study, an indirect UV detection method was used in conjunction with IEC/CEC. Indirect UV detection for IC was proposed by Small and Miller in 1982, 9 which can indirectly detect ionic species that do not absorb in UV region by using UV-absorbing compounds in the eluent. [10] [11] [12] [13] [14] This technique has been applied for the detection of inorganic anions and aliphatic carboxyl acids in IEC, [15] [16] [17] offering advantages such as easy manipulation of the magnitude of the signal due to the analyte ions and the background noise level of the eluent by changing the wavelength. Moreover, we expect that IEC/CEC can be adapted to conventional HPLC devices equipped with UV-visible detectors if we can demonstrate the determination of both anions and cations by indirect UV detection-IEC/CEC.
In this study, we employed aromatic eluents, sulfosalicylic, phthalic, salicylic, and benzoic acids, which absorb a relatively wide range of UV wavelengths and have been used in IEC/CEC with CD. We discuss 1) the features of peak response in UV detection, 2) the influence of eluent on sensitivity to analyte ions, 3) the optimization of eluent conditions, and 4) the application to real water samples (pond water).
Experimental

Reagents
All reagents were of analytical reagent-grade, purchased from Wako (Osaka, Japan). Stock solutions of anions (SO4 2-, Cl -, NO3 -, I -, and F -) and cations (Na + , K + , NH4 + , Mg 2+ , and Ca 2+ ) were prepared by dissolving the solutes to 0.1 M with distilled water. These stock solutions were diluted with appropriate volumes of water to make working solutions. Ultra-pure water (>18 MΩ cm, Millipore Co.) was used as an eluent and for the preparation of the standard solutions and reagents.
Instrumentation
The IC system consisted of a dual-head HPLC pump (Tosoh, DP-8020), an oven for heating the separation column (Tosoh CO-8020) equipped with a manual-driven injection valve (injection volume: 30 μL), a UV-vis detector (Tosoh UV-8020), and conductometric detector (Tosoh CM-8020). The equipment was controlled using an IC workstation (Tosoh, LC-8020 Model-II data processor).
Column
The separation column was a Tosoh TSKgel Super IC-A/C (6 mm i.d. × 150 mm) packed with a polymethacrylate-based, weakly acidic cation exchange resin in the H + form with a particle size of 3 μm and cation-exchange capacity of 0.1 meq/mL. The column was equilibrated thoroughly with eluent for 1 h before chromatographic runs.
Eluent
The eluents employed in this study were sulfosalicylic, phthalic, salicylic, and benzoic acids. The detection wavelengths used were 315 nm for sulfosalicylic acid, 297 nm for phthalic acid, 260 nm for salicylic acid, and 270 nm for benzoic acid, taking into consideration the absorbance of the acid and the background noise levels.
Real water sample
Pond water samples were collected from a pond on the Kiryu campus of Gunma University on 20 July 2012. After filtration through a hydrophilic polytetrafluoroethylene syringe filter with 0.2 μm pore size (DISMIC ® -25HP, Advantec Toyo Kaisha, Ltd.), the water samples were stored at 5 C before use.
Results and Discussion
Comparison of UV and CD methods
First, the ion-exclusion/cation-exchange chromatographic detections of anions and cations using UV and CD were compared. Figure 1 shows the peak profiles of SO4 2- , NO3
-, NH4 + and Mg 2+ injected into the IEC/CEC system by eluent with 1.1 mM sulfosalicylic acid at flow rate of 1.2 mL/min. In this experiment, the peaks of both anions and cations were detected in the negative direction by UV detection, while the peaks of anions were in the positive direction and those of cations were in the negative direction by CD.
The peak directions of analyte ions by CD are based on the difference of the limiting molar conductivities of analytes and eluent. In this case, because the limiting molar conductivities of anions separated by ion-exclusion reaction are higher than that of the eluent, the peaks were detected in the positive direction. 1, 18, 19 The limiting molar conductivities in the positive direction increased with an increase of anion concentration injected. Inversely, the limiting molar conductivities of cations separated by cation-exchange reaction were lower than that of H + in the acidic eluent, and the peaks were thus detected in the negative direction.
In contrast, the peak directions of analyte ions by UV detection are based on the difference of the molar absorption coefficients of analyte ions and eluent. In this case, a part of the eluent zone with the anions (sample zone) is diluted because non-absorbing anions are eluted by the penetration and repulsion to the cation-exchange resin phase. Accordingly, the anion peaks were detected in the negative direction because the molar absorption coefficient of the sample zone is lower than that of the eluent. When the molar absorption coefficients of cations that are replaced to H + on the cation-exchange reaction are lower than that of the eluent, the peaks are detected in the negative direction, as well as the case for the anions. However, because the peak directions of cations by UV detection were different depending on the type of the eluent used as described below, further investigations will be required.
Basically, the variation of peak area at indirect UV detection is estimated from Eq. (1) as follows;
where PA is peak area, CS the concentration of injected sample, AS the molar absorbance coefficient of the injected sample and AE that of the eluent. 9, 11 When the molar absorbance coefficients of analyte ions are near zero at 315 nm employed in this study, the peak responses were expected to be not dependent on the types of ions. However, the peak responses of analyte ions obtained by this IEC/CEC system ( Fig. 1) were obviously different depending on the types of ions. This would be dependent on the degrees of the penetration or ion-exchange reactions for each analyte ion to the cation-exchange resin phase. Also, the reason why the peak responses of anions and cations increased with an increase of the injected sample concentration might be related to the enhancement of the sample zone.
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Selection of UV-absorbing eluent Subsequently, when the separation column was connected ahead of the UV detector, the UV-absorbing aromatic compounds used as eluent were applied to the indirect UV detection of analyte ions. Figure 2 shows the chromatograms of anions and cations separated by a weakly acidic cation-exchange resin with the different types of eluents. The order of retention of anions and cations was determined by ion-exclusion for the anions, and cation-exchange for the cations to the resin and did not change with the different acidic eluents. The variation in the retention times with the different eluents depended on the elution capacities of the acids. Sulfosalicylic acid had the strongest acidity of the eluents used and most rapidly eluted the analyte ions. The elution dip (system peak) of sulfosalicylic acid was detected between anions and cations, and the peak directions of all ions were negatively detected as mentioned above. 20 Conversely, the elution dips of phthalic, salicylic, and benzoic acids, which are weakly acidic aromatic compounds, were detected after the cations. The peaks of the anions and cations were detected in the negative and positive directions, respectively. Although the reason why the peak directions of cations changed to positive could not be elucidated, similar phenomena were reported by Yamamoto et al., who found that the peak directions of organic acids detected before the system peak were positive on anion-exchange chromatography with indirect UV detection. 21 They described that analyte ions retained by ion-exchange equilibrium on the stationary phase were exchanged to the eluent, which was in as the undissociated form, and retained by the adsorption equilibrium. The eluent ions released from the stationary phase were detected in the positive direction. This theory may serve to explain the results obtained in this study.
Subsequently, the signal-to-noise ratio of the analyte ion peaks eluted by the four different eluents ranged from 46.2 -275.2 in 1.0 mM sulfosalicylic acid, 21.7 -293.4 in 5 mM phthalic acid, 31.9 -167.2 in 4 mM salicylic acid, and 11.5 -60.9 in 2 mM benzoic acid. In addition, the overall retention times including analyte ions and the eluent dip were 9 min in sulfosalicylic acid, 12 min in phthalic acid, 40 min in salicylic acid, and 32 min in benzoic acid. Accordingly, we chose to optimize sulfosalicylic acid as the eluent from these results.
Influence of sulfosalicylic acid concentration
The optimal concentration of sulfosalicylic acid was investigated in order to achieve the best possible resolution. As shown in Fig. 3A , the retention times of cations decreased significantly based on the reduction in the weakly acidic cation-exchange sites with the increase of H + concentration in the eluent. In contrast, the retention times of the anions increased slightly based on accelerated penetration into the cation-exchange resin as a side effect of the ion-exclusion effect, due to the neutralization of weakly acidic cation-exchanger with the increase of H + concentration in the eluent. The higher concentration of sulfosalicylic acid in the eluent should be ideal for obtaining as short an analytical time as possible. However, the signal-to-noise ratios of analyte ions decreased due to the increased noise level with higher concentrations of sulfosalicylic acid, as shown in Fig. 3B . Consequently, 1.1 mM sulfosalicylic acid was determined to be the optimal concentration in terms of the signal-to-noise ratios of analyte ions as well as the retention times and resolution.
Influence of 18-crown-6 concentration
The influence on retention times of the anions and cations by the addition of 18-crown-6 to the 1.1 mM sulfosalicylic acid eluent was investigated. Addition of 18-crown-6 to eluent has been known to effectively improve peak resolution between NH4 + and K + . 22 This behavior can be explained by the stability constant of complexation of alkali metal ions with 18-crown-6 absorbed on the cation-exchange resin of the separation column (log KNa = 0.80, log KNH4 = 1.23, and log KK = 2.03). 23 In particular, K + forms a very stable metal-in-hole-type complex with 18-crown-6 because the internal cavity size of 18-crown-6 is the same size as K + . As shown in Fig. 4A , the retention times of anions and cations, except for K + , was unchanged by the addition of 18-crown-6 in concentrations of 0.5 -3.0 mM. The complete separation between K + and NH4 + was achieved by adding >1 mM 18-crown-6 to the eluent. Higher concentrations of 18-crown-6 enabled higher resolution of NH4 + and K + , but the peak height of K + decreased due to the peak broadening with higher concentrations of 18-crown-6 in the eluent, as shown in Fig. 4B . It is thought that this phenomenon occurred because the K + -18-crown-6 complex was adsorbed on the cation-exchange resin phase and the peak shape of K + was thus broadened. In fact, the peak asymmetry factors of K + gradually increased with higher concentrations of 18-crown-6 added to the sulfosalicylic acid eluent. As an example, the asymmetry factor of K + with the addition of 3.0 mM 18-crown-6 to the eluent was 3.02, compared with 0.94 in the case without 18-crown-6. The obtained value means that the peak shape became tailing by adding 18-crown-6 to the eluent.
The addition of 1.5 mM 18-crown-6 to 1.1 mM sulfosalicylic acid resulted in excellent separation between the analyte ions as well as high sensitivity, as shown in Fig. 5 .
Analytical performance
The analytical performance of analyte separation under optimized elution conditions are summarized in Table 1 . The repeatability (RSD, n = 8) of peak areas detected in successive runs ranged from 0.8 -2.2% for anions and 2.5 -4.9% for cations. Calibration curves were linear from 0.001 -1.0 mM for all analytes except for Cl -, which was linear in the range from 0.002 -2.0 mM, and the correlation coefficients were also quite high (0.9991 -0.9999). The limits of detection at a signal-to-noise ratio of 3 ranged from 0.24 -0.56 μM for anions and 0.23 -0.98 μM for cations; these values obtained using indirect UV detection were 1.2 -5.4 times lower than those obtained with CD. This is mainly due to the lower background noise intrinsic to UV absorbance of the eluent compared to its conductivity. 
Application to pond water sample
A sample of pond water was injected into the proposed system using the optimized elution conditions. As shown in Fig. 6 
Conclusions
In this study, indirect UV detection-IEC/CEC was achieved by combining a TSKgel Super IC-A/C column and eluent composed of 1.1 mM sulfosalicylic acid/1.5 mM 18-crown-6 in UV with detection at 315 nm. In the indirect UV mode, it was possible to detect both anions separated by ion-exclusion and cations separated by cation-exchange. One particular merit of UV detection was the ability to control the background noise level of the eluent by changing the wavelength. Accordingly, the signal-to-noise ratios obtained with indirect UV mode were higher than those obtained using CD mode. The LODs obtained using indirect UV were 1.2 -5.4 times lower than those obtained with CD. Therefore, we concluded that indirect UV detection-IEC/CEC is an effective method for improving the sensitivity of inorganic ions in simultaneous separations. The experimental conditions are the same as in Fig. 5 . 
